Introduction
Passive wireless operation is desirable in applications where untethered operation is more critical than long distance communication. Unlike active devices, passive wireless sensors do not require an on-board power source either in the form of a battery or a generator. As a result they are less complicated, smaller, require no maintenance and are cheaper than active wireless sensors. Passive wireless technology is desirable for a variety of applications from biomedical implants, where batteryless operation results in significant reduction in the size of the final sensor package and eliminates the need for battery replacement, to "place and forget" type applications such as structural health monitoring with RFID tags ͓1͔ or sensors for high temperature environments ͓2͔. Research has been done on implantable passive wireless sensors such as a neural sieve electrode ͓3͔ and a pressure sensor ͓4͔. These devices successfully operate over small distances but they require expensive and bulky read-out equipment such as impedance analyzers or on-board circuitry, which adds complexity to the device as well as increases the surrounding tissue temperature. Furthermore, the methods presented in the literature, like detecting the resonant frequency by sweeping over a frequency range ͓4͔, cannot be applied to high frequency sensors such as acoustic devices where the bandwidth of the device can very well exceed the human audible range ͑Ͼ20 kHz͒.
In this paper we present a surface acoustic wave-interdigital transducer ͑SAW-IDT͒ based passive wireless telemetry for acoustic sensors. The use of SAW-IDT devices for passive wireless operation has been proven to work for sensing low-frequency impedance changes ͓5͔. The proposed strategy introduces for the first time the ability to convey high-frequency impedance changing sensor data. Experimental results showing successful passive wireless retrieval of audio frequency data are presented. The integration of the SAW-IDT sensors with a MEMS microphone, is of specific importance for its potential biomedical patient monitoring applications. Possible biomedical monitoring applications include monitoring breathing sounds in apnea patients, monitoring chest sounds after cardiac surgery, and providing feedback for high frequency chest compression ͑HFCC͒ vests used for respiratory ventilation and airway clearance technique for patients with cystic fibrosis lung disease ͓6͔. The small size and wireless operation render these sensors a good candidate for use in neonatal care units for monitoring chest sounds of the newborns at several locations on the chest by causing minimal discomfort. SAW sensors are not only small and easily integrated with other micromachined devices but also have a long life span of stable operation, which makes them good candidates for biomedical implants ͓7͔. A capacitive MEMS microphone attached on the load-IDT of a SAW sensor can be interrogated using pulse modulated RF signals ͓8͔.
There are examples of passive sensors that operate by using this strategy in the literature ͓9͔ however the methods presented in the literature rely on prior calibration of the sensor and work with sensors for quasistatic measurements such as pressure or temperature sensors ͓10͔.
This paper presents an approach based on extracting frequency information of a sound wave by using the AC component of the samples. Each sample corresponds to an echo signal from the SAW device as a result of an RF pulse applied by the wireless interrogation system. The echo received from the SAW device is amplitude modulated by the MEMS microphone attached. The sampling rate of this quantized measurement is determined by the pulse repetition rate of the interrogation system. The proposed method is applicable for retrieval of data caused by any high frequency impedance change. Theoretically it is possible to use any condenser microphone that will cause a detectable impedance change. The main challenge inherent to the proposed wireless sensing strategy however is the inability to apply a dc bias on the microphone membrane. This necessitates the use of a MEMS microphone where the microfabrication strategy enables us to fabricate a very small capacitive gap as well as a thin membrane to enhance the sensitivity of the sensor.
The theoretical basis of the proposed operation scheme is discussed in the following section. Design and microfabrication of the SAW-IDT sensor and the MEMS microphone and the experimental results are given in the subsequent sections followed by discussions of the technology and its impact on biomedical applications.
Operation
Interdigital transducer ͑IDT͒ devices offer a simple and inexpensive means for sensing applications using surface acoustic waves ͓11͔. Their advantages include high yield microfabrication and ease of implementation of differential sensing to compensate for relative movement of the interrogator and sensor antennas as well as environmental effects such as temperature and humidity. In its basic definition, a SAW-IDT device is a MEMS device with two sets of interdigitated comblike electrodes patterned on a piezoelectric ͓quartz and lithium niobate ͑LiNbO 3 ͒ are common materials͔ substrate as shown in Fig. 1 . The principle of interrogation of passive wireless SAW sensors is very similar to that of a pulse radar system ͓12͔. When an rf signal is applied across one of the IDTs through a wireless telemetry link ͓13,14͔ between the interrogator and sensor antennas, the voltage fluctuations initiate strains in the piezosubstrate, which are then transmitted through the surface of the device in specific waveforms. When these waves reach the IDT on the other end of the device, they recreate the originally applied rf signal across its terminals with certain attenuation due to losses. This change in the propagation medium of the waves from electromagnetic to mechanical ͑i.e., acoustic͒ creates a delay line, which offers a distinct advantage in retrieving sensor data. This time delay, defined by the acoustic path length between the two IDTs, is crucial to distinguish the incoming and reflected waveforms during signal processing and therefore cannot be shorter than the rf pulse length.
When the impedance of the sensor connected across the load-IDT changes during measurement, the amplitude and phase of the reflected signal change as well and Fig. 1 shows a typical operation of this type. This measurable change in reflected signal amplitude, being a function of the sensor impedance, renders wireless detection of the impedance change possible. The telemetry distance is affected by the strength of the electromagnetic coupling between the interrogator and the sensor antenna and is a function of antenna size and geometry as well as the operating frequency of the SAW-IDT.
A mathematical model of the SAW device based on the coupling of modes ͑COM͒ theory is employed to derive the relation between the change in the reflected signal of the SAW sensor and its load impedance. The P-matrix formulation ͓15͔ is a representation of the COM theory relations between the acoustic and electrical waves in the SAW device. The P-matrix parameter to describe the reflectivity of the impedance-loaded IDT is given in Eq. ͑1͒ ͓16,17͔
where P ii represents an element of the P matrix. P 11 is the complex acoustic reflectivity of the load IDT P 11 sc is the reflectivity of the load IDT when short-circuited. It is approximated to zero for split-finger IDTs as those used in this work. P 13 and P 33 are the electroacoustic coupling coefficient and electrical admittance of the IDT respectively. P 13 , P 33 are constant for a given SAW device and depend on the substrate material and IDT geometries ͓18͔. Z load is the complex impedance the load IDT "sees" and is given in Eq. ͑2͒:
where R, L, and C represent the parameters of the equivalent load circuit; is the center frequency of the SAW-IDT sensor. The nonlinear relation described in Eq. ͑1͒ results in non-unique solutions for measured capacitance for certain values of series inductance ͑L͒ as shown in ͓9͔. In order to be able to select a proper series inductance ͑to have a unique capacitance value for a given reflectivity͒, the values of P 13 and P 33 and the impedance of the wire bonding should be determined experimentally. Instead we have carefully selected an inductance value that will ensure a unique capacitance value for a given reflectivity. The experimental results presented in this paper were only taken after the series inductance was verified to provide unique solutions for the whole range of varactor capacitance change. The passive wireless microphone employs a compliant electrode sensitive to sound pressure to vary the capacitance in Eq. ͑2͒. Therefore the magnitude of P 11 can be written as
where K is a constant of proportionality and P is the pressure acting on the diaphragm which is given by
where P o is the ambient pressure acting on the diaphragm and P sound is the fluctuating sound pressure. Since the amplitude of the acoustic reflectivity varies linearly with acoustic pressure the magnitude of P 11 can be written as shown in Eq. ͑5͒
where ͉P 11 ͉ const is the constant amplitude of acoustic reflectivity in the absence of any impedance change on the load IDT, ͉P 11 ͉ var is the variation in the amplitude of the acoustic reflectivity with the changing impedance/pressure. From Eqs. ͑4͒ and ͑5͒
shows that the variation of the acoustic reflectivity is proportional to the variation of sound pressure. In other words, the varying component of the measured acoustic reflectivity represents a scaled change in the sound pressure level. Therefore, the sound signal can be regenerated by measuring the change in the amplitude of the acoustic reflectivity P 11 without any need for calibration. This paper introduces a novel idea that uses this relation to develop a SAW-IDT based passive wireless microphone, which does not require prior calibration. In conventional microphones, the changes in sound pressure levels induce a small voltage change, which is then amplified to retrieve the original signal. While the initial or nominal value of the physical quantity is important only for maximizing the sensitivity of the device, it is irrelevant for detecting the relative change in sound pressure levels at different frequencies. In the case of the SAW sensor, it is the acoustic reflectivity that varies linearly with sound pressure. Thus, by measuring the change in the acoustic reflectivity, it is possible to retrieve the sound detected by the MEMS microphone which essentially works as a variable capacitor. The linearity of the relationship between the reflectivity of the SAW sensor and the capacitance change is given in Fig. 2͑a͒ which is obtained experimentally by using a varactor as the changing capacitance. Figure  2͑b͒ shows the simulated relationship between the acoustic pressure and the corresponding capacitance change for a silicon condenser microphone with 800 m diameter circular Si 3 N 4 membrane and 400 m diameter electrodes ͑both the membrane thickness and the capacitive gap are 0.8 m͒.
The silicon MEMS microphone that is presented in this paper differs from other MEMS microphones in literature for the fact that it does not require a dc bias. On every nonelectret condenser microphone, there is a dc bias that is applied across the capacitive gap to minimize the electromechanical stiffness. Hence the sensitivity of the membrane is greatly increased. On the other hand, in the proposed SAW-IDT microphone scheme, the MEMS microphone is part of a passive circuit merely working as a variable capacitor. It is impossible to introduce a dc bias in batteryless operation unless further circuitry to harvest rf energy to create an on board dc voltage source is implemented on the passive sensor. Therefore the presented microphones could suffer from lower sensitivity when compared to their dc-biased counterparts.
Increasing the sensitivity in our application poses a great challenge since the mechanical sensitivity increases with increasing membrane size and decreases with increasing membrane thickness. Furthermore, the electrical sensitivity defined by the capacitance change is inversely proportional with the square of the capacitive gap. This implies a small capacitive gap for device operation. Hence to have a microphone sensitive for biomedical monitoring applications, the membrane thickness and size as well as the capacitive gap should be very tightly controlled. Microfabrication enables us to select these parameters accurately and is the main reason that a MEMS microphone is selected as the transducer to be used with the SAW-IDT device.
Design and Fabrication
To create a constructive interference of the acoustic wave patterns, the distance between the IDT fingers on the piezoelectric substrate should be exactly equal to the half of the elastic wavelength of the SAW such that ͓19͔ 
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where d is the finger spacing of the IDTs, R is the elastic wavelength of the crystal. If the electrical frequency is the same as the wave propagation frequency, the energy conversion efficiency at the IDTs is maximized. Therefore SAW-IDT devices are designed to operate at certain carrier center frequencies which in our case is selected as 100 MHz. The photolithography process to define the IDT during microfabrication also limits this distance. The electromechanical coupling coefficient, k 2 is a measure of the efficiency in converting an applied rf signal into mechanical energy associated with the surface acoustic wave. At a given relative bandwidth, it determines the insertion loss of the device. The piezoelectric substrate for the SAW-IDT devices is selected as lithium niobate ͑LiNbO 3 ͒ with a 128°rotation Y-X crystal cut for its high coupling coefficient ͑i.e., k m 2 = 5.5%͒ and the match between its wave propagation velocity ͑i.e., 3980 m / s͒ and the proposed operating frequency range of the devices. The fabrication of the SAW-IDT devices was performed in the Nano Fabrication Center of the University of Minnesota. A 3000 Å thick aluminum is used as the metallization layer to form the IDTs and the contact pads. Five sets of devices having different center frequencies and IDT finger properties have been fabricated. The single-mask fabrication scheme uses e-beam evaporated aluminum and liftoff to form the SAW sensors on the lithium niobate substrate.
The MEMS microphones that will be used with the SAW sensors are microfabricated by using 4-mask surface micromachining process. The microphones will essentially work as variable capacitors. The change in capacitance is caused by the vibration of the silicon nitride membrane. The fabrication process is shown in Fig. 3 . A 1 m PECVD Si 3 N 4 ͑Silicon nitride͒ passivation layer is deposited on a 500 m thick p-doped silicon wafer ͓Fig. 3͑a͔͒. A 3000 Å e-beam evaporated aluminum layer is patterned by using liftoff to form the bottom electrodes ͓Fig. 3͑b͔͒. A 2000 Å PECVD silicon nitride passivation layer is followed by the 1.5 m sacrificial chromium layer deposition and patterning ͓Fig. 3͑c͔͒. The membrane is formed by depositing a 1.5 m PECVD silicon nitride layer ͓Fig. 3͑d͔͒. Top aluminum electrodes are patterned by wet etching a 3000 Å dc-sputtered aluminum layer ͓Fig. 3͑e͔͒ followed by the deposition of another 2000 Å PECVD nitride passivation layer to protect the top aluminum during sacrificial layer etching ͓Fig. 3͑f͔͒. The etch holes are then patterned via dry plasma etch ͓Fig. 3͑g͔͒. The sacrificial layer is etched in Cyantek CR-12S wet chromium etching solution and the membranes are released in critical point dryer ͓Fig. 3͑h͔͒. Finally the 2000 Å top-protective nitride layer is etched in dry plasma etcher.
The photograph of a fabricated SAW-IDT sensor and an SEM image of a MEMS microphone are shown in Fig. 4 .
Experimental Results
The SAW sensors presented in this paper are designed to induce a time delay of 1 s. The center frequency of the devices was fixed at 99.5 MHz by designing the IDT finger spacing correspondingly. The 0.5 MHz difference between the intended center frequency of 100 MHz and the actual frequency is due to the small variation in IDT finger spacing during microfabrication. The SAW-IDT interrogation pulse width is 400 ns as shown in Fig. 5 .
The ratio of the amplitude of the reflected and interrogation pulses is a measure of the acoustic reflectivity. However, since the scaling of the acoustic reflectivity is irrelevant for sensing the relative change in capacitance created by the sound wave, measurement of the amplitude variations in the reflected pulse alone is sufficient. The experimental setup used is depicted in Fig. 6 . At the time of this publication, the fabricated MEMS microphones did not have sufficient sensitivity to detect audio signals for the reasons stated in Sec. 2 and therefore a voltage-controlled capacitor is used to mimic a condenser microphone.
The amplitude of the reflected rf pulse is obtained by demodulation and reduced time-domain sampling of the demodulated signal. Reduced time domain sampling allows data retrieval at relatively low sampling rates by extending the duration of the nanosecond pulses using an intermediate analog sample-and-hold circuit before data acquisition, which was designed specifically for the application.
To the best knowledge of the authors, the detection of audio signals is the first high frequency sensing application of wireless SAW sensors. In order to verify the proof of the outlined concepts, a high frequency voltage sensing application of SAW sensors was implemented to detect digital audio signals using a voltage controlled capacitor ͑varactor͒. The voltage-P 11 relation was selected to mimic the relation between sound-pressure and P 11 . The circuit implemented on the load IDT side is similar to that used in ͓18͔ and it is used to vary the acoustic reflectivity by controlling the varactor capacitance. Different combinations of sinusoid signals as well as prerecorded wave files were fed as input voltages. The time domain and FFTs of the measured and input signals were used for analysis of the results, which are shown in Fig. 7 .
The experimental results show the transmitted signal experiencing wireless transmission and losses in the SAW device before being received as the reflected signal. The amplitude of the reflected signal in Fig. 7 is attenuated by 14 dB. The maximum wireless telemetry distance achieved by using two 100 MHz patch antennas was 7 cm. With a telemetry distance of 4.5 cm, the sensitivity obtained was approximately 6 mV/ pF. The resolution at this distance was found to be 0.64 pF.
Discussions and Biomedical Impact
A new passive wireless SAW-based microphone has been introduced. The presented wireless scheme can be generalized for all high frequency passive sensor applications where there is an impedance change associated with the sensor. The MEMS microphones that will be used with SAW-IDT devices have been fabricated. However as a result of the challenges associated with the passive wireless scheme, as mentioned in Sec. 2, the current version of the fabricated microphones do not have adequate resolution. A new batch of MEMS microphones with larger membranes and smaller capacitive gaps are being fabricated to achieve higher sensitivity. The proof of concept of the passive wireless sensing scheme was successfully demonstrated by using a varactor in place of a capacitive MEMS microphone.
The work breaks new ground by introducing SAW sensors for high frequency biomedical sensing applications. The MEMS SAW-IDT microphone system can be used to create microphone arrays, which can operate at different center frequencies and hence can gather data from various locale placed on the patient. This application could also improve the use of the HFCC vest, mentioned in Sec. 1, as a ventilation assistance device by using the microphones for continuous patient monitoring during ventilation. The devices could also eliminate any need for wired electronic stethoscopes, which may cause discomfort to the patient in long-term use. The continuous monitoring of breathing sounds over selected areas on the chest may be used to estimate the volume of air flowing in and out of the chest in a way similar to the use of tracheal sounds to measure respiratory frequency, inspiratory flow, and minute and tidal volume. One very promising area of use for the passive wireless MEMS microphone system is in the neonatal intensive care units in order to continuously monitor the neonatal newborns' heart and chest sounds with causing minimal discomfort. Furthermore, the proposed high frequency passive wireless sensing scheme can be expanded to other SAW-IDT based sensors for biomedical sensor implants. 
